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We have studied the division of postembryonic neuroblasts (Nbs) in the outer proliferation center (OPC) and central brain
anlagen of Drosophila. We focused our attention on three aspects of these processes: the pattern of cellular division, the
topological orientation of those divisions, and the expression of asymmetric cell fate determinants. Although larval Nbs are
of embryonic origin, our results indicate that their properties appear to be modified during development. Several conclusions
can be summarized: (i) In early larvae, Nbs divide symmetrically to give rise to two Nbs while in the late larval brain most
Nbs divide asymmetrically to bud off an intermediate ganglion mother cell (GMC) that very rapidly divides into two
ganglion cells (GC). (ii) Symmetric and asymmetric divisions of OPC Nbs show tangential and radial orientations,
respectively. (iii) This change in the pattern of division correlates with the expression of inscuteable, which is apically
ocalized only in asymmetric divisions. (iv) The spindle of asymmetrically dividing Nb is always oriented on an apical–basal
xis. (v) Prospero does not colocalize with Miranda in the cortical crescent of mitotic Nbs. (vi) Prospero is transiently
xpressed in one of the two sibling GCs generated by the division of GMCs. The implications of these results on cell fate
pecification and differentiation of adult brain neurons are discussed. © 2001 Academic Press
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One of the most relevant problems in developmental
neurobiology is to understand the mechanisms of the gen-
eration of neuronal diversity. The genetic and molecular
analysis of neurogenesis in the Drosophila embryo has
provided a great deal of information on the processes of
segregation of neural progenitor cells and their specification
(see Campos-Ortega, 1993, for a wide review). Nevertheless,
the genes and molecular mechanisms that govern neural
proliferation are beginning to be unraveled.
There are two waves of neurogenesis during Drosophila
CNS development. The first wave takes place in early
embryogenesis and gives rise to the larval CNS. At this
time, individual neuroblasts (Nbs) delaminate from the
neuroectoderm, generating a very stereotyped and segmen-
tally organized pattern so that the identity and specification
of each Nb are determined by its time of birth and position
along the dorsoventral and anterior–posterior axes. Each Nb T
0012-1606/01 $35.00
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All rights of reproduction in any form reserved.ivides asymmetrically several times to produce a new
euroblast and a smaller daughter cell, the ganglion mother
ell (GMC). This is usually followed by a single division of
ach GMC, generating two postmitotic ganglion cells (GC)
hich begin the differentiation process (see Goodman and
oe, 1993; Doe and Skeath, 1996). At the end of this period,
ome Nbs stop dividing and remain quiescent in different
rimordia until larval stages. Although the thoracic and
bdominal Nbs, which give rise to adult ventral ganglia, are
lso organized in a segmentally stereotyped array (Prokop
nd Technau, 1991) reminiscent of the embryonic one, the
econd proliferative period is more complex. For example,
ll adult optic lobe structures originate from the stem cells
f the embryonic optic lobe primordium (Green et al.,
993). Through a series of segregations that take place along
arval stages, this primordium gives rise to at least three
eparate Nb anlagen: the outer proliferation center (OPC),
he lamina anlage, and the inner proliferation center (IPC).
hese anlagen will give rise to medulla, lamina, and lobula
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126 Ceron, Gonza´lez, and Tejedorcomplex neurons, respectively. In contrast, other regions of
the adult brain such as the mushroom bodies and other
central brain structures are generated by proliferation of a
number of isolated Nbs which lie in the most central region
of the larval optic lobe (see Truman et al., 1993; Mein-
ertzhagen and Hanson, 1993; for reviews). We refer to these
cells as central brain (CB) Nbs. Although this second wave
of neurogenesis has a different time course in the various
primordia, most Nbs proliferate to give rise to more Nbs
along the first- and second-instar larvae. Later, during the
third-instar larvae and early pupae, they generate the neu-
ronal progeny. It is assumed that Nbs change from an initial
symmetric pattern of division to a late asymmetric one,
although this has not been studied in depth.
In the past few years, contributions from several labs
have yielded a great deal of information on the molecular
mechanisms of asymmetric division of Drosophila embry-
onic neuroblasts. Several genes involved in this process
have been identified. Among them, inscuteable (insc),
iranda (mir), Numb, and prospero (pros) have been exten-
ively studied (see Doe, 1996; Campos-Ortega, 1997;
noblich, 1997; Lin and Shagat, 1997; Hawkins and Gariga,
998; Jan and Jan, 1998, 2000; Lu et al., 2000; for recent
eviews and Fig. 8 of this paper for a schematic representa-
ion). Some of these genes are hierarchically arranged, with
nsc in the highest position followed by mir, Numb, and
ros. The homeodomain protein Prospero (PROS) is ex-
ressed in neuronal precursors and specifies cell fates (Doe
t al., 1991; Vaessin et al., 1991). During Nb division, PROS
s found at the apical cortex in interphase. It localizes at the
asal crescent during mitosis and it is segregated to the
MC, where it translocates to the nucleus to function as a
ranscriptional regulator (Matsuzaki et al., 1992; Hirata et
l., 1995; Knoblich et al., 1995; Spana and Doe, 1995).
nscuteable (INSC) controls both spindle orientation and
ocalization of PROS and Miranda. It is apically localized in
symmetrically dividing Nbs during the initial stages of
itosis and it is delocalized or degraded before cytokinesis
egins (Kraut et al., 1996). Miranda (MIR) is a multidomain
rotein required for the asymmetrical localization of PROS.
t functions as an adapter molecule binding to apically
ocalized INSC and basally localized PROS (Ikeshima et al.,
997; Matsuzaki et al., 1998; Shen et al., 1997, 1998). MIR
s also involved in the asymmetric localization of PROS
RNA (Li et al., 1997; Schuldt et al., 1998; Shen et al.,
998). Similar to PROS, NUMB localizes on the basal
rescent of dividing Nbs of the embryonic CNS and it
egregates to the GMCs (Rhyu et al., 1994; Spana et al.,
995). However, unlike PROS, NUMB regulates gene ex-
ression indirectly by repressing the lateral cell–cell inhi-
ition of Notch (Frise et al., 1996; Guo et al., 1996; Spana
and Doe, 1996). Also in contrast to pros, no significant
alterations in the GMC progeny have been reported in
Numb mutants (Spana et al., 1995).
Homologues of some of the genes described above have
been found in vertebrates (Oliver et al., 1993; Tomarev et
al., 1996, 1998; Zinovieva et al., 1996; Glasgow and a
Copyright © 2001 by Academic Press. All rightomarev, 1998; Zhong et al., 1996, 1997; Wakamatsu et al.,
999). This suggests that the strategy for the genetic control
f asymmetric division and the localization of asymmetric
ell fate determinants in neural germ cells have conserved
ome common features during evolution. Nevertheless, it is
onceivable that, although the basic principles may remain,
he generation of a much more complex nervous system
ay require new or different functions at this level. In this
egard, Drosophila postembryonic Nbs, which give rise to a
elatively complex adult brain, can be a good experimental
ystem in which to tackle this question.
It is not known whether the mechanisms that generate
symmetry in postembryonic neuroblasts of Drosophila are
imilar to the ones that have been described for embryonic
euroblasts. Moreover, with the exception of a few studies
f cell proliferation carried out in different larval anlagen
White and Kankel, 1978; Truman and Bate, 1988; Hofbauer
nd Campos-Ortega, 1990; Prokop and Technau, 1991; Ito
nd Hotta, 1992) there is no information regarding cell
ivision patterns of postembryonic Drosophila Nbs. We
ave focused our study on the Nbs of the OPC and CB of
hird-instar larvae. Using BrdU labeling and immunolabel-
ng with several cell division markers, we have studied the
attern of division of these Nbs. Then, we have studied in
etail the asymmetric division of these Nbs in terms of the
xpression and subcellular localization of INSC, MIR,
UMB, and PROS. Although we have found similarities to
hat is known for embryonic neuroblasts, several relevant
ifferences can be highlighted, including the shorter cell
ycle of GMCs related to Nbs, the polarized localization of
NSC in some OPC GMCs, and the permanent apical–basal
rientation of the spindle in asymmetrically dividing Nbs.
ost importantly, the lack of asymmetric localization of
ROS in dividing Nbs, the lack of colocalization of MIR and
ROS in the basal crescent of mitotic Nbs, and the tran-
ient expression of PROS in newborn GCs must be empha-
ized.
MATERIALS AND METHODS
Fly Stocks
Flies of the wild-type strain Berlin were raised at 25°C and 70%
humidity in standard medium. For the purpose of brain dissection,
larvae were collected either 75–85 h (early third instar) or 100–110
h (late third instar) after egg laying.
BrdU Labeling
Proliferating cells in whole-mount larval brains were detected by
the incorporation of BrdU (Gratzner, 1982, adapted by Tejedor et
al., 1995). After pulses with BrdU at a concentration of 37.5 mg/ml
n Schneider’s culture medium for a given period of time, the
edium was removed and samples were fixed for 3 min with
odified Carnoy’s fixative followed by 75% EtOH for 30 min.
enaturation of DNA by treatment with 2 N HCl for 40 min was
ollowed, after extensive washing with PBS, by incubation with
nti-BrdU (Becton–Dickinson) overnight at 4–8°C. A peroxidase-
s of reproduction in any form reserved.
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127Pattern of Division in Larval Neuroblastsconjugated secondary antibody and diaminobenzidine as a sub-
strate for peroxidase were used for staining. For fine sections, brains
with BrdU staining were dehydrated and embedded in Spurr’s under
standard conditions. Then serial frontal semithin sections (2 mm)
ere cut. Unlabeled brains were processed for sectioning and
tandard staining of proliferative anlagen with toluidine blue as
reviously reported (Tejedor et al., 1995).
Immunocytology and FISH
Distribution of INSC, MIR, NUMB, and PROS proteins in
Drosophila postembryonic neural cells was detected on whole-
ount brains by fixing in 4% paraformaldehyde or 3.7% formal-
ehyde, followed by conventional laboratory protocols for antibody
taining.
The concentration and incubation temperature and time of
ntisera against INSC (Kraut et al., 1996), MIR (Ikeshima-Kataota,
997) and MIR 4699 (Molinari and Gonzalez, unpublished), phos-
hohistone H3 (Upstate Biotechnology), PROS (MR1A; Doe et al.,
991), NUMB (Rhyu et al., 1994), Rb188 (Whitfield et al., 1988),
lav (9F8A9; Developmental Studies Hybridoma Bank, developed
y G. M. Rubin), and g-tubulin (GTU-88; Sigma Co) were opti-
mized in each case. FITC-, LSRC-, Texas red-, and Cy5-conjugated
secondary antibodies were all obtained from commercial sources
and used as recommended by the supplier. In some cases, detection
was carried out using biotinylated antibodies followed by Cy2–
streptavidin in order to improve the level of detection.
Nuclear DNA was visualized using one of the following proce-
dures: 0.5 mg/ml propidium iodide in PBS, 1 mg/ml Hoechst 33258
in PBS, 0.5–1 mg/ml SPIF (Lundell and Hirsh, 1994), DAPI (0.3
mg/ml), or TOTO-3 with previous RNase I treatment (2 mg/ml,
overnight). Actin filaments were detected using 1026 M phalloidin–
ITC or phalloidin–TRITC (Sigma Co.) for 30 min in 0.5% BSA/
BST. Whole-mount preparations were finally mounted in
ectashield mounting medium (Vector). Images were collected on
Leica TCS-NT confocal microscope.
For in situ hybridization, larval brains were dissected in Schnei-
er medium fixed in 4% paraformaldehyde treated with 10 mg/ml
proteinase K, postfixed in 4% paraformaldehyde, and hybridized
under standard conditions. A 267-bp fragment, containing the
coding region from 4036 to 4303 bp of the pros cDNA cloned into
the KpnI and PstI sites of pKS Bluescript (Stratagene), was used as
template for a digoxigenin-labeled double-stranded DNA probe,
synthesized by PCR using standard primers. Probe detection was
carried out with an FITC-coupled anti-digoxigenin antibody (Boehr-
inger Mannheim).
In some cases, similar procedures were performed after inducing
mitotic arrest by incubating larval brain with 5 mg/ml colchicine in
Schneider’s insect medium for 2 h.
RESULTS
The Pattern of Asymmetric Division
of Postembryonic Nbs Is Similar
to That of Embryonic Nbs
First we have determined whether the stereotyped pat-
tern of asymmetric division of embryonic Nbs is conserved
during postembryonic proliferation. Due to the low expres-
sion of PROS in some postembryonic Nb anlagen (see
below), we have used a combination of differential BrdU r
Copyright © 2001 by Academic Press. All rightabeling and several immunochemical mitotic markers to
ssess the generation of GMCs by postembryonic Nbs. As
hown in Figs. 1A and 1B, the various anlagen (OPC, IPC,
B, and ventral Nbs) are differentially labeled by varying
he length of the BrdU pulses. Very short pulses labeled the
PC and the IPC while longer pulses yielded labeling of all
nlagen.
In simple geometric terms, one may describe the OPC as
germ neuroepithelium forming a ring-like structure that
overs the most lateral side of the lobe. Nbs occupy the
xternal layer, close to the outside surface, and their prog-
ny ganglion cells lay inside it, forming a thicker layer. This
ayered structure, which can be observed in frontal sections
f optic lobes (Fig. 1C), allows an easy identification of the
ifferent cell types. If sectioning is similarly applied to
rdU-labeled optic lobes, one may observe that different
ime pulses give rise to different patterns of cell labeling in
he OPC. Thus, short pulses result in preferential labeling
f medium-size nuclei located just below Nbs that in turn
re very often unlabeled (Fig. 1D). In contrast, longer pulses
ield extensive labeling of large Nb nuclei and abundant
mall GC (Fig. 1E). Different pulse periods did not result in
ifferential labeling of CB Nbs and their progeny. Thus,
hort pulses yielded pairs of labeled cells which consist of
ne Nb and a single daughter cell (Fig. 1F), while longer
ulses produced labeling of one Nb together with a couple
f daughter cells (Figs. 1G and 1H).
The incorporation of BrdU in the progeny of Nbs during
hort pulses and the frequent observation of two labeled
uclei apparently undergoing cytokinesis very close to a Nb
Fig. 1G) suggest the existence of GMCs which have a cell
ycle shorter than their parent Nbs. Direct evidence for the
xistence of mitosis in those daughter cells was obtained by
pplying several immunochemical tools (see Materials and
ethods). As schematically represented in Fig. 2, most
mmunocytological studies were carried out by confocal
icroscopy analysis of CB and OPC Nbs in whole-mount
arval brains. These experiments showed that medium-size
itotic cells were detected just below the layer of OPC Nbs
Fig. 3A). Also, in the CB, where individual Nbs and their
rogeny can be observed, medium-size mitotic cells were
etected immediately close to each Nb. In this case, all
aughter cells were located at the same side of the Nb but
o more than one was in mitosis (Fig. 3B). Interestingly,
ven in interphase Nbs, the centrosome was always located
t the pole opposite to the budding cells and the mitotic
pindle of daughter cells was most often oriented at an
blique angle relative to that of the parent Nb (Fig.3B).
Altogether, labeling experiment with BrdU and mitotic
arkers demonstrate the presence of GMC-like cells in
ostembryonic proliferative anlagen.
OPC Nbs stop producing more Nbs and begin to generate
he final neuronal progeny around the third-instar larval
eriod (Hofbauer and Campos-Ortega, 1990). This change in
roliferative behavior could be explained by a change from
n initial symmetric pattern of division to a late asymmet-
ic one. Since asymmetric divisions of embryonic Nbs
s of reproduction in any form reserved.
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128 Ceron, Gonza´lez, and Tejedorfollow an apical/basal orientation, it would be also inter-
esting to find out whether symmetric and asymmetric
divisions of postembryonic Nbs have different orientations.
FIG. 1. BrdU labeling of the larval optic lobe proliferative anlag
(A) and 40 min (B). Notice the differential staining of CB and vent
section of an unlabeled brain at the level of the OPC stained with
to that of C of the BrdU pulse-labeled brains showed in A and
labeled nuclei of medium size (white arrowhead) located just be
yield a larger proportion of labeled Nbs (white arrow) and a large n
deeper in the OPC. (F, G, H) High magnification of BrdU-labeled
and 40 min, respectively.As shown in Figs. 3C and 3D, this is indeed the case. The l
Copyright © 2001 by Academic Press. All rightivisions of mitotic Nbs in the OPC of early third-instar
arvae were preferentially oriented on an axis tangential to
he surface, whereas those observed in late third-instar
hole mounts of late larval brain pulse-labeled with BrdU for 5
oracic (VN) Nbs depending on pulse time. (C) A semithin frontal
idine blue. (D, E) Frontal semithin sections at a level equivalent
pectively. Notice that a short pulse results in large number of
the Nbs that are mostly unlabeled (black arrow). Longer pulses
er of slightly labeled nuclei (black arrowhead) which are located
s at the CB anlagen following increasing pulse periods of 5, 20,en. W
ral th
tolu
B, res
low
umb
cellarvae showed almost exclusively a radial orientation. Re-
s of reproduction in any form reserved.
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129Pattern of Division in Larval Neuroblastscently it has been shown that the Nbs of the larval
ventral ganglion, which divide asymmetrically, contain
unequal centrosomes during mitosis. The larger centro-
some is segregated into the resulting Nb and the smaller
is inherited by the GMC (Mollinari, Sampaio, and Gonzalez,
personal communication). We have similarly observed that
radially oriented divisions of OPC Nbs have asymmetric
centrosomes with the larger one close to the optic lobe
surface, whereas tangentially oriented divisions have sym-
metric centrosomes (Figs. 3C and 3D). It was also consistently
observed that the metaphase plate of asymmetrically divid-
ing Nbs was located close to the smaller (basal) centrosome
(Fig. 3D).
In contrast to the epithelial sheet-like organization of the
OPC anlagen, CB Nbs are distributed in the most medial
part of the optic lobe and each one shows a different
direction of asymmetric division (Fig. 3E). Nevertheless, all
the progeny of each Nb appear to be released by the same
side and the interphase centrosome is maintained at the
FIG. 2. Orientation of OPC and CB Nb lineages within the larval
light gray) Nbs within the third-instar larval brain when observed
obe forming a ring-like structure. CB Nbs are dispersed inside the
f the lateral boundary of the OPC as they were usually collected
ividing Nbs (compare to Figs. 3C and 3D), the positions of GMCs
green) localize in dividing Nbs and GMCs. (C) Idem for two CB N
irections that are limited by the boundaries of dashed green lin
epresented in gray.opposite side of the progeny (Figs. 3B and 3E).
Copyright © 2001 by Academic Press. All rightThe Expression and Localization of prospero Is
Different in Embryonic and Postembryonic
Neuroblast Lineages
To determine whether the regulation of asymmetric
divisions and the segregation of cell fate determinants of
postembryonic Nbs follow a pattern similar to that de-
scribed for embryos, we studied the expression and local-
ization of INSC, MIR, NUMB, and PROS in whole mounts
of third-instar larval brain. Immunostaining of INSC was
not detected in Nbs at early larval stages, when most
divisions are symmetric and oriented tangentially to the
surface of the optic lobe (not shown). At late stages of larval
development, INSC is detected in asymmetrically dividing
Nbs. Its pattern of localization changes during cell division.
Thus INSC shows a low expression in interphase Nbs, but
is apically localized, both in the OPC (Figs. 4A, arrowhead,
and 4B) and in the CB (Figs. 4A, arrowhead, and 4C) at early
mitotic phases. After metaphase, INSC labeling becomes
undetectable (not shown). No INSC protein was detected in
. (A) This drawing shows the positions of CB (dark gray) and OPC
the ventral side. OPC Nbs are placed on the surface of the optic
medial part of the optic lobe. (B) A schematic drawing of a section
onfocal microscopy. This shows the two possible orientations of
w) and GCs (orange), and how molecules such us MIR and NUMB
This shows how the progeny of each Nb are released in different
his can be compared to Figs. 3B and 3E. Nbs at interphase arebrain
from
most
by c
(yello
bs.
es. TGMC of the CB but polarized INSC was consistently
s of reproduction in any form reserved.
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131Pattern of Division in Larval NeuroblastsFIG. 5. Expression and localization of Miranda in larval brain. (A) Whole mounts of third-instar larval brains were immunostained with
anti-MIR antiserum (red). All proliferative anlagen (OPC, IPC, CB, and thoracic anlagen) are strongly stained. (B) Higher magnification of
the OPC and CB areas of the left optic lobe shown in A. Notice that compared to the CB region where most labeled cells are Nbs, many
small cells are strongly stained in the OPC. This can be better appreciated in the squared area further enlarged in C. (D) A metaphasic Nb
of the CB clearly shows asymmetric localization of MIR in the cortex. Nuclei were counterstained with TOTO-3 (blue) while actin
cytoskeleton is shown in green in D, E, and F. (E) A single strongly stained GMC of the CB can be observed near its parent interphasic Nb.
(F) Two dividing Nbs of the OPC, one in telophase and another in cytokinesis, show polarized staining of MIR (red) in the cortical crescent
and the budding GMC, respectively.FIG. 3. Pattern of divisions of postembryonic Nb lineages. (A) Mitotic medium-size cell located just below the Nb layer (dashed lines) of
he OPC. (B) Mitotic medium-size cell located immediately close to a CB Nb. Notice that the orientation of division in this cell is at an
blique angle related to that of the Nb which is at interphase according to the expression of cyclin E (green) in its nucleus. It is also
mportant to highlight that the centrosome of this interphase Nb is located at the side opposite to its daughter cells. (C) Two OPC Nbs of
n early third-instar larval brain undergoing division in an orientation tangential to the optic lobe surface as indicated by the relative
ositions of centrosomes (red). Notice that at this larval stage no GCs can be observed in between the Nb layer and the neuropile (Np). (D)
itotic division (metaphase) of one OPC Nb at late larval brain is taking place in a radial orientation with respect to the optic lobe surface,
hich is at the upper left corner. Notice that when tangential divisions of Nb take place (C), centrosomes are symmetric (same size) and
he metaphase plate is located in the middle of the cell, whereas in radially oriented divisions centrosomes are asymmetric (different sizes)
nd the metaphase plate is located closer to the smaller centrosome of the budding cell (D). (E) Four CB Nbs at interphase (as detected by
he nuclear (green) immunostaining of cyclin E) are dividing in different directions. Notice that the progeny of each is being released
pproximately between the boundaries of dashed lines and toward the opposite side where the centrosome is located. All images are
onfocal optical sections. Centrosomes were stained with anti-g-tubulin (A–C) or Rb188 (D) and are shown in red. Dividing nuclei were
stained either with anti-phospho-H3 (green in A and C or blue in B and E) or with TOTO-3 (blue in D). Phalloidin–FITC (green) was used
to counterstain the cell wall and neuropile when required (B–E).
FIG. 4. Expression and localization of Inscuteable in larval brain. Whole mounts of third-instar larval brains were immunostained with
anti-INSC antiserum. Nuclei were counterstained with SPIF. Samples were analyzed by confocal microscopy. (A) Medial optical section
through the optic lobe showing the OPC and CB anlagen. A few Nbs with polarized INSC localization (arrowheads) are detected in both
OPC and CB. Notice the lack of INSC labeling of GCs. A few examples of polarized staining of mitotic Nbs in OPC and CB can be observed
in detail at higher magnification in B and C, respectively. Notice the polarized labeling of INSC in mitotic cells of a medium size located
deep inside the OPC (A, arrows, and D, in more detail).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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132 Ceron, Gonza´lez, and Tejedorobserved in medium-size cells (i.e., smaller than Nb but
larger than GCs) that were undergoing mitosis inside the
OPC (Figs. 4A, arrows, and 4D).
MIR is widely expressed in all larval proliferative anlagen
(Figs. 5A–5C). During division, it shows a polarized distri-
bution in the cell cortex of both CB (Fig. 5D) and OPC (Fig.
5F) Nbs, and it is segregated to the GMC during cytokinesis
(Figs. 5E and 5F). Recently born GMCs show a very high
expression of MIR both in the CB and in the OPC (Figs. 5E
and 5F). MIR seems to be rapidly down-regulated in CB
GMCs, whereas it seems to remain in OPC GMCs at high
level for a rather long period of time, as judged by the
relative higher proportion of labeled GMCs versus Nbs that
can be detected in the OPC (Figs. 5B and 5C). Nevertheless,
MIR seems to be completely down-regulated before GMCs
begin mitosis (not shown).
The tissue pattern of PROS expression in the larval brain
is different from that of MIR (compare Figs. 5A and 6A). The
expression of PROS protein in the CB and ventral (thoracic)
anlagen is quite high, while in the OPC and IPC it is rather
low. Due to the higher level of expression, the localization
of PROS can be studied in more detail in the CB. As shown
in Fig. 6B, PROS protein was clearly observed only in the
nucleus of daughter cells located away from the parent Nbs
and, therefore, identified as GCs. Surprisingly, PROS pro-
tein was not consistently detected in dividing Nbs and
GMCs either in the CB (Figs. 6B–6D) or in the OPC (Figs. 6E
and 6F). This is especially clear by the lack of colocalization
with MIR in the cortical crescent of dividing Nbs and
newborn GMCs. The almost exclusive expression of PROS
in GCs is also supported by the colocalization with ELAV
(Fig. 6G), a nuclear protein that is expressed in postmitotic
cells and is absent in GMCs (Robinow and White, 1991).
It has been reported that PROS located at cortical sites of
embryonic Nbs is highly phosphorylated compared to
nuclear PROS (Srinivasan et al., 1998). Nevertheless, this
annot be the reason for our lack of detection of cortical
ROS in Nbs of the larval optic lobe since the antiserum
hat we have used seems to recognize both phosphorylated
nd unphosphorylated forms of PROS (Srinivasan et al.,
998).
The lack of MIR–PROS colocalization in postembryonic
bs and GMCs opens the question of what role could MIR
e playing in these cells. One possibility is that MIR might
e involved in the localization of PROS mRNA as has been
hown for embryonic Nbs (Li et al., 1997; Broadus et al.,
998; Schuldt et al., 1998; Shen et al., 1998). To test this
ypothesis, we studied the expression of PROS mRNA by
n situ hybridization. As shown in Fig. 6H, PROS mRNA
as detected in isolated cells of the optic lobe in both CB
nd OPC regions. In the CB, these cells correspond to single
mall daughter cells located closer to the Nb than those
Cs that express PROS protein (Fig. 6I). In the OPC, it is
ather obvious that PROS-expressing cells are located below
he layer of GMCs (Fig. 6J). Also in the CB, PROS mRNA
as detected neither in dividing GMCs (Fig. 6K) nor in
IR-expressing cells (not shown). Therefore, it must be T
Copyright © 2001 by Academic Press. All rightoncluded that PROS is expressed at detectable levels only
n GCs.
Since PROS seems to be expressed neither in Nbs nor in
MCs, we decided to study the expression of NUMB,
nother asymmetric cell determinant of embryonic Nbs. As
hown in Fig. 7, NUMB localizes in the cortical crescent of
ividing Nbs of the OPC and CB, it is segregated to the
embrane of GMCs where it seems to remain at low level,
nd it does not appear to be polarized during GMC division.
fterward, it seems to be down-regulated since it is hardly
etected in GCs.
DISCUSSION
We have studied the patterns of Nb proliferation in the
optic lobes of Drosophila larvae. Altogether, our results
show that although larval Nbs have an embryonic origin
(Prokop and Technau, 1991; Green et al., 1993; Meinertzha-
gen and Hanson, 1993; Truman et al., 1993), some of their
proliferative properties change during development. These
differences between embryonic and postembryonic Nbs
deserve to be discussed in detail.
Ganglion Mother Cells Are Transient Intermediate
Cells in the Asymmetric Division Pattern
of Postembryonic Neuroblasts
As schematically represented in Fig. 8, each division of an
embryonic Nb yields a new neuroblast and one GMC,
which in turn divides into two postmitotic GCs. In the
embryo, GMCs are easily recognized by the expression of
PROS protein which localizes to the Nb cell cortex during
mitosis, segregates completely to the GMC during division,
and then translocates to its nucleus (Matsuzaki et al., 1992;
Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe,
995). This makes PROS a key molecular marker of GMCs.
he fact that we could not detect PROS protein in postem-
ryonic Nbs made it difficult to assess the presence of
MCs during postembryonic proliferation of the CNS.
espite this, BrdU labeling experiments together with
mmunostaining with mitotic markers allowed us to show
he presence of GMCs in the larval proliferative anlagen.
ince no more than one dividing GMC was observed close
o a Nb and BrdU-labeled cells were not observed away from
he Nb after short pulses, it seems likely that these postem-
ryonic GMCs experience only one round of division, as
hey do in the embryo. Nevertheless, in contrast to what it
s known in the embryo (Hartenstein et al., 1987; Campos-
rtega, 1993) and to previous data of the larval brain
Truman and Bate, 1989; Ito and Hota, 1992), our BrdU-
abeling experiments clearly indicate that most postembry-
nic GMCs, especially those of the OPC, have a very
ransient life with cell cycle much shorter than that of
arent Nbs. Another interesting difference is the large
umber of GMCs expressing high levels of MIR in the OPC.
aking into account the very short cell cycle of these
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightintermediate cells, we suggest that, in contrast to the rapid
down-regulation observed in embryonic GMCs (Ikeshima-
Kakaota et al., 1997; Shen et al., 1997), MIR protein remains
or a longer time in GMCs of the OPC. The rapid down-
egulation of MIR in embryonic GMCs has been related to
he requirement for a rapid release of the cell determinant
ROS that has to translocate to the nucleus (Ikeshima-
akaota et al., 1997; Shen et al., 1997, 1998; Schuldt et al.,
998). The fact that PROS protein was not consistently
etected in postembryonic GMCs makes it difficult to
nterpret the functional significance of this long lasting
xpression of MIR.
Symmetric and Asymmetric Divisions of OPC
Neuroblasts Have Tangential and Radial
Orientations, Respectively
In the embryo, epidermal cells of the neuroectoderm
divide symmetrically in a direction tangential to the em-
thoracic). (B) Multiple staining with phalloidin–FITC (green) and
TOTO-3 (blue) of a CB Nb. Neither the Nb nor its budding GMC
shows any consistent PROS staining (red). In contrast, those GCs
placed at longer distance from the Nb show strong PROS nuclear
labeling (red). Notice that those labeled cells located in the lower
right corner do not belong to the progeny of the Nb, which is
contained approximately between the dashed lines. (C) Multiple
immunolabeling with anti-MIR (green), phalloidin–TRITC (red),
and anti-PROS (blue) of a CB dividing Nb. (D) The single blue
channel highlights the lack of colocalization of MIR and PROS in
C. (E) Multiple immunolabeling with anti-MIR (green), phalloidin–
TRITC (red), and anti-PROS (blue). (F) The single blue channel of E
highlights the lack of consistent levels of signal in the Nb layer of
the OPC. Also notice the lack of colocalization of MIR and PROS
in the cortex of two putative GMCs (dashed lines). (G) Multiple
labeling with anti-ELAV (nuclear/green), anti-PROS (red), and
phalloidin–FITC (cell membrane/green) of a CB neuroblast and its
progeny. The coexpression (orange) of PROS and ELAV in GCs and
the lack of consistent levels of ELAV and PROS in the two daughter
cells (small dashed circles) located close to the Nb are remarkable.
(H) Expression of PROS mRNA (green) determined by FISH in a late
larval optic lobe shows a pattern of scattered single labeled cells in
both OPC and CB areas. Nuclei are counterstained with propidium
iodide (red). (I) FISH and immunolabeling of the progeny of a CB Nb
showing that PROS mRNA (green) is expressed in a single cell
located close to its parent Nb while PROS protein (blue) appears in
GCs placed farther away from the Nb. Nuclei are counterstained in
red with propidium iodide. (J) Multiple labeling of PROS mRNA by
FISH (green), anti-phospho-H3 (blue), and propidium iodide (red) in
an optical section through the OPC of a brain subjected to mitotic
arrest by treatment with colchicine. This staining allows the
identification of the consecutive layers of Nbs, GMCs, and GCs. It
is remarkable that all cells that express PROS mRNA are located
below the layer of GMCs. (K) Expression of PROS mRNA (blue) in
single small cells located close to their respective CB Nb but placed
away from two mitotic GMCs. Mitotic cells are identified by
immunostaining of phospho-H3 (red) and nuclei are counterstainedFIG. 6. Expression and localization of Prospero in larval brain. (A)
hole mount of a third-instar larval brain immunostained with
nti-PROS antiserum. Notice the differential intensity of labeling
with DAPI (green).
s of reproduction in any form reserved.
134 Ceron, Gonza´lez, and TejedorFIG. 7. Expression and localization of NUMB in larval brain. Immunostaining of NUMB (green) in OPC (A, B, and E) and CB (C, D) anlagen
and counterstaining of nuclei with propidium iodide (red). (A) Optical section with a partial view of the OPC anlagen showing cortical
segregation of NUMB (arrowheads) in one Nb (dotted line) at late mitotic stages. (B) The very low expression in GCs, which practically
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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135Pattern of Division in Larval Neuroblastsbryo surface while Nbs, after delaminating from the neuro-
ectoderm, divide asymmetrically in a direction perpendicu-
lar to the embryo surface. Thus, the large Nb is located
apically and the sibling cell is basal. We have here shown
that symmetrically dividing OPC Nbs, those giving rise to
two Nbs, are tangentially oriented while asymmetric divi-
sions which generate a Nb and a GMC are radially oriented.
Interestingly, the mitotic spindle of these asymmetrically
dividing Nb seems to be oriented on an apical–basal axis
(radially) all the time. This is in clear contrast to embryonic
Nbs because in these cells, although the interphase centro-
some is in apical or basal position, the mitotic spindle is
initially formed on the same axis as epidermoblasts (tan-
gentially) but rotates by 90° before cell division
(Kaltschmidt et al., 2000). Moreover, the asymmetric cen-
trosomes in early mitotic stages and the metaphase plate
located asymmetrically seem to be also different from
embryonic Nbs whose spindles become asymmetric at
anaphase (Kaltschmidt et al., 2000).
In the embryo, INSC is required for the proper apical–
asal orientation of the mitotic spindle and asymmetric
ocalization of MIR, NUMB, and PROS (Kraut et al., 1996;
hen et al., 1997; Ikeshima-Kakaota et al., 1997; Knoblich
t al., 1999). Nevertheless, it seems that both processes are
ndependently controlled (Kraut et al., 1996; Knoblich et
l., 1999). INSC is asymmetrically localized to the apical
ide of Nbs that divide with the mitotic spindle perpendicu-
arly oriented to the embryo surface, whereas it is not
xpressed in dividing ectodermal cells whose mitotic
pindle is tangential to the embryo surface. Polarized local-
zation of INSC is required in embryonic Nbs to reorient
he mitotic spindle (Schober et al., 1999; Wodarz et al.,
999). This is consistent with the lack of INSC expression
n symmetrically dividing OPC Nbs at early larval stages
nd with the apical localization of INSC in asymmetrically
ividing Nbs of late third-instar larvae. Thus, our results
oint to a possible role of INSC in establishing the apical–
asal polarity of postembryonic Nbs. It has been recently
eported that two genes, Bazooka and Partner of inscute-
disappears in the most internal area of the anlagen, can be appreci
at metaphase shows cortical labeling of NUMB. (D) One newb
asymmetrically localized in one OPC GMC at metaphase (arrow).
FIG. 8. Schematic representation of the division patterns of e
localization of asymmetric markers. Two rounds of division take
division the Nb divides asymmetrically to give rise to a second N
embryonic Nbs MIR, NUMB, and PROS are segregated to the GMC
PROS expression seems to be up-regulated in one of the sibling GC
lineage. First the SOP divides asymmetrically to generate two precu
to give rise to a small glial cell (Gl) and to IIIb, the precursor of n
produced by the asymmetric division of precursor IIa. Finally, the a
(N). Notice that in contrast to embryonic Nb and SOP lineage
postembryonic Nb and no asymmetric segregation of PROS takes p
is turned on in just one of the sibling cells after the last division of b
with red shading.
Copyright © 2001 by Academic Press. All rightble, are involved in the localization of INSC in embryonic
bs (Schaefer et al., 2000; Schober et al., 1999; Wodarz et
l., 1999; Yu et al., 2000). It will be very interesting to find
ut if these mechanisms are conserved in postembryonic
bs.
Despite these evident similarities to embryonic Nbs,
ome relevant differences can be also highlighted from our
tudy. For instance, we consistently observed polarized
NSC in a few cells of the OPC which, according to their
osition below the Nb layer and their medium size, should
e GMCs.
In contrast to the organization of the OPC anlagen, each
B Nb shows a independent direction of asymmetric divi-
ion. Nevertheless, the division axis of each Nb seems to be
aintained in consecutive divisions since all its progeny
ppear to be released by the same side. Interestingly, INSC
s also localized at the opposite side of the progeny in
itotic CB Nbs. This strongly suggests that the orientation
f these asymmetric divisions is somehow fixed in the
bsence of clear external clues.
Prospero Does Not Colocalize with Miranda
during Asymmetric Division of Postembryonic
Neuroblasts
As schematically represented in Fig. 8, we have found
that the expression and subcellular localization of MIR
and NUMB resemble what has been described in embry-
onic Nbs. The major role proposed for MIR in embryonic
Nbs is the asymmetric localization of PROS during
division and its segregation to the GMC (Ikeshima et al.,
1997; Matsuzaki et al., 1998; Shen et al., 1997, 1998;
chuldt et al., 1998), where it acts as a cell determinant
Doe et al., 1991; Vaessin et al., 1991; Matsuzaki et al.,
1992; Hirata et al., 1995; Knoblich et al., 1995; Spana and
oe, 1995). Although we cannot rule out an expression of
ROS at low level in postembryonic Nbs and GMCs, the
ack of PROS–MIR colocalization in the basal crescent of
ividing Nbs and in newborn GMCs makes it very
in the unmerged view of the single green channel. (C) One CB Nb
MC shows NUMB in its whole membrane. (E) NUMB is not
onic Nb, postembryonic Nb, and adult SOP lineages with the
e in both embryonic and postembryonic Nb lineage. In the first
b9) and one GMC, which in turn divides into two GCs. While in
postembryonic Nbs only MIR and NUMB are segregated, whereas
ur rounds of division have been found in the postembryonic SOP
cells, IIa and IIb. In the second division, IIb divides asymmetrically
cells. In the third round, the tricogen (Tr) and tormogen (To) are
metric division of IIIb generates the thecogen (Th) and the neuron
UMB is asymmetrically inherited only in the first division of
in any division of this lineage. It can be also highlighted that pros
OP and postembryonic Nb lineages. Low level of PROS is indicatedated
orn G
mbry
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b (N
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136 Ceron, Gonza´lez, and Tejedorunlikely that MIR and PROS might have roles similar to
those played in embryonic Nbs. Consequently, the ques-
tion arises as to whether MIR could localize in the Nb’s
basal cortex and segregate to postembryonic GMCs other
molecules that may function as asymmetric determi-
nants. Our results also open the question of how postem-
bryonic GMCs are specified in the absence of PROS. In
relation to this, we have here shown that NUMB is
asymmetrically localized in the basal cortex of postem-
bryonic Nbs and segregated to GMCs. Thus, it is possible
that NUMB might be an asymmetric cell fate determi-
nant of postembryonic GMCs. Targeted expression of
NUMB will probably help to elucidate this issue in the
near future.
Expression of prospero in Single GCs Suggests
a Role in Sibling Cell Fate Specification
and Neuronal Differentiation
We have found a very transient expression of PROS
mRNA in single newborn GCs. Later, this mRNA is trans-
lated and PROS protein translocates to the nuclei while
GCs move away from the Nb. Thus, our results fit with an
up-regulation of pros transcription in one of the two sibling
GCs generated by the division of each GMC.
Recent work in the embryo has shown that loss of PROS
results in aberrant expression of cell-cycle-regulatory genes
and ectopic mitosis while ectopic expression of PROS
induces suppression of cell-cycle-regulatory genes and pre-
mature stop of cell division (Li and Vaessin, 2000). This
strongly suggests a role of PROS in the termination of cell
proliferation of GMCs. Although we cannot rule out a
similar role of PROS in the postembryonic GCs, the fact
that PROS is expressed in only one of the two daughter GCs
points to an early role of PROS in sibling cell fate specifi-
cation of GCs and neuronal differentiation. This may have
interesting implications for the molecular mechanisms of
neuronal specification. In this regard, it has been shown
that in the adult SOP lineage, a differential distribution of
PROS takes place apparently by activation of pros just in
the IIb sibling cell after the first division (Gho et al., 1999;
anning and Doe, 1999; Reddy and Rodrigues, 1999a,b). In
he subsequent division of IIb, most PROS is asymmetri-
ally inherited by a glial cell that arises from this division
Gho et al., 1999; Reddy and Rodrigues, 1999b). There is no
agreement between different authors on whether in the last
division of the lineage, PROS is asymmetrically segregated
or inherited by both daughter cells, neuron and thecogen
(Gho et al., 1999; Reddy and Rodrigues, 1999b), but it is
anyway clear that asymmetric distribution of PROS is
ensured in this case by its down-regulation in the sibling
neuron while its expression is maintained in the thecogen
(Manning and Doe, 1999; Reddy and Rodrigues, 1999a,b;
Gho et al., 1999). Thus, by comparing the patterns of
expression of PROS and NUMB in SOP, embryonic Nb, and
postembryonic Nb lineages (see Fig. 8) one may conclude
that the molecular mechanisms that operate in these three
Copyright © 2001 by Academic Press. All rightlineages, although having similar actors, follow different
scripts. Why have different strategies been selected in these
lineages? It has been suggested that the shorter cell cycle of
the embryonic Nb lineage (Hartenstein et al., 1987) com-
pared to that of SOPs (Bodmer et al., 1989) may require
asymmetric localization of PROS for a rapid specification of
sibling cell fates (Manning and Doe, 1999; Jan and Jan,
1999). Since we have found that the postembryonic Nb
lineage appears to have a division timing even shorter than
the embryonic Nb, it is unlikely that this explanation may
account for the presence of different mechanisms in both
systems: asymmetric segregation versus regulation of ex-
pression. We are in favor of an evolutionary adaptation of
the mechanisms to the requirement to generate a more
complex neuronal progeny. In support of this, PROS homo-
logues (PROX) of vertebrates are expressed in postmitotic
neurons and there has not been to our knowledge any report
showing polarized localization during the division of neu-
roepithelial progenitor cells of the CNS (Oliver et al., 1993;
Tomarev et al., 1996; Zinovieva et al., 1996; Glasgow and
Tomarev, 1998; Tomarev et al., 1998). In contrast, there is
evidence for the asymmetric segregation of vertebrate
NUMB homologues (Zhong et al., 1996, 1997; Wakamatsu
et al., 1999) that seem to act as asymmetric cell fate
determinants of daughter cells through the suppression of
NOTCH-1 signaling (Wakamatsu et al., 1999).
It is tempting to speculate that an adaptation from an
intrinsic asymmetric determinant (PROS) to an integration
of intrinsic (NUMB, PROS) and extrinsic (NOTCH) signal-
ing may have taken place during evolution of CNS neuro-
genesis. In this regard, we think that the larval proliferative
anlagen could be a useful model system to study the
functional roles played by genes involved in neural prolif-
eration, cell specification, and generation of neuronal diver-
sity of a complex nervous system.
ACKNOWLEDGMENTS
This work was supported by grants from DGESIC and Fundacion
La Caixa to F.J.T and EU TMR to C.G. and a predoctoral fellowship
of the MEC to J.C. We thank M. J. Chulia for expert technical
assistance. We are indebted to A. Carmena, W. Chia, C. Q. Doe,
Y. N. Jan, C. Lehner, and F. Matsuzaki for the gifts of antisera, fly
stocks, and other molecular tools. We especially thank F. Moya for
interesting discussions along this work and comments on the
manuscript, B. Hammerle for help with the manuscript, and C. Q.
Doe for comments on some experiments.
REFERENCES
Bodmer, R., Carretto, R., and Jan, Y. N. (1989). Neurogenesis of the
peripheral nervous system in Drosophila embryos: DNA replica-
tion patterns and cell lineages. Neuron 3, 21–32.
Broadus, J., Fuerstenberg, S., and Doe, C. Q. (1998). Staufen-
dependent localization of prospero mRNA contributes to neuro-
blast daughter-cell fate. Nature 391, 792–795.
s of reproduction in any form reserved.
G137Pattern of Division in Larval NeuroblastsCampos-Ortega, J. A. (1993). Early neurogenesis in Drosophila. In
“The Development of Drosophila melanogaster” (M. Bate and A.
Martinez-Arias, Eds.), pp. 1091–1130. Cold Spring Harbor Labo-
ratory Press, New York.
Doe, C. Q. (1996). Spindle orientation and asymmetric localization
in Drosophila: Both Inscuteable? Cell 86, 695–697.
Doe, C. Q., Chu-LaGraff, Q., Wright, D. M., and Scott, M. P. (1991).
The prospero gene specifies cell fates in the Drosophila central
nervous system. Cell 65, 451–464.
Doe, C. Q., and Skeath, J. B. (1996). Neurogenesis in the insect
central nervous system. Curr. Opin. Neurobiol. 6, 18–24.
Frise, E., Knoblich, J. A., Younger-Shepherd, S., Jan, L. Y., and Jan,
Y. N. (1996). The Drosophila Numb protein inhibits signaling of
the Notch receptor during cell–cell interaction in sensory organ
lineage. Proc. Natl. Acad. Sci. USA 93, 11925–11932.
Gho, M., Bellache, Y., and Schweisguth, F. (1999). Revisiting the
Drosophila microchaete lineage: A novel intrinsically asymmet-
ric cell division generates a glial cell. Development 126, 3573–
3584.
Glasgow, E., and Tomarev, S. I. (1998). Restricted expression of the
homeobox gene prox 1 in developing zebrafish. Mech. Dev. 76,
175–178.
Goodman, C. S., and Doe, C. Q. (1993). Embryonic development of
the Drosophila central nervous system. In “The Development of
Drosophila melanogaster” (M. Bate and A. Martinez-Arias, Eds.),
pp. 1131–1206. Cold Spring Harbor Laboratory Press, New York.
ratzner, H. G. (1982). Monoclonal antibody to 5-bromo- and
5-yodo-deoxyuridine. A new reagent for detection of DNA repli-
cation. Science 218, 474–475.
Green, P., Hartenstein, A., and Hartenstein, V. (1993). The embry-
onic development of the Drosophila visual system. Cell Tissue
Res. 273, 583–598.
Guo, M., Jan, L. Y., and Jan, Y. N. (1996). Control of daughter cell
fates during symmetric division: Interaction of Numb and
Notch. Neuron 17, 27–41.
Hartenstein, V., Rudolf, E., and Campos-Ortega, J. A. (1987). The
pattern of proliferation of the neuroblast in the wild type embryo
of Drosophila melanogaster. Roux’s Arch. Dev. Biol. 196, 473–
485.
Hawkins, N., and Garriga, G. (1998). Asymmetric cell division:
From A to Z. Genes Dev. 12, 3625–3638.
Hirata, J., Nakagoshi, H., Nabeshima, Y.-I., and Matsuzaki, F.
(1995). Asymmetric segregation of the homeodomain protein
Prospero during Drosophila development. Nature 377, 627–629.
Hofbauer, A., and Campos-Ortega, J. A. (1990). Proliferation pattern
and early differentiation of the optic lobes in Drosophila mela-
nogaster. Roux’s Arch. Dev. Biol. 198, 264–274.
Ikeshima-Kataoka, H., Skeath, J. B., Nabeshima, Y.-I., Doe, C. Q.,
and Matsuzaki, F. (1997). Miranda directs Prospero to a daughter
cell during Drosophila asymmetric divisions. Nature 390, 625–
629.
Ito, K., and Hotta, Y. (1992). Proliferation pattern of postembryonic
neuroblasts in the brain of Drosophila melanogaster. Dev. Biol.
149, 134–148.
Jan, Y. N., and Jan, L. Y. (1998). Asymmetric cell division. Nature
392, 775–778.
Jan, Y. N., and Jan, L. Y. (2000). Polarity in cell division: What
frames thy fearful asymmetry. Cell 100, 599–602.
Kaltschmidt, J. A., Davidson, C. M., Brown, N. H., and Brand, A. H.
(2000). Rotation and asymmetry of the mitotic spindle direct
asymmetric cell division in the developing central nervous
system. Nat. Cell. Biol. 2, 7–12.
Copyright © 2001 by Academic Press. All rightKnoblich, J. A. (1997). Mechanisms of asymmetric cell division
during animal development. Curr. Biol. 9, 833–841.
Knoblich, J. A., Jan, L. Y., and Jan, Y. N. (1995). Asymmetric
segregation of Numb and Prospero during cell division. Nature
377, 624–627.
Knoblich, J. A., Jan, L. Y., and Nung Jan, Y. (1999). Deletion
analysis of the Drosophila Inscuteable protein reveals domains
for cortical localization and asymmetric localization. Curr. Biol.
9, 155–158.
Kraut, R., Chia, W., Jan, L. Y., Jan, Y. N., and Knoblich, J. A. (1996).
Role of inscuteable in orienting asymmetric cell divisions in
Drosophila. Nature 383, 50–55.
Li, L., and Vaessin, H. (2000). Pan-neural Prospero terminates cell
proliferation during Drosophila neurogenesis. Genes Dev. 14,
147–151.
Li, P., Yang, X., Wasser, M., Cal, Y., and Chia, W. (1997). Inscute-
able and Staufen mediate asymmetric localization and segrega-
tion of prospero RNA during Drosophila neuroblast cell divi-
sions. Cell 90, 437–447.
Lin, H., and Schagat, T. (1997). Neuroblasts: A model for the
asymmetric division of stem cells. Trends Genet. 13, 33–39.
Lu, B., Jan, L. Y., and Jan, Y. N. (2000). Control of cell divisions in
the nervous system: Symmetry and asymmetry. Annu. Rev.
Neurosci. 23, 531–556.
Lundell, M. J., and Hirsh, J. (1994). A new visible light DNA
fluorochrome for confocal microscopy. Biotechniques 16, 434–
440.
Manning, L., and Doe, C. Q. (1999). Prospero distinguishes sibling
cell fate without asymmetric localization in the Drosophila adult
external sense organ lineage. Development 126, 2063–2071.
Matsuzaki, F., Koizumi, K., Hama, C., Yoshioka, T., and Na-
beshima, Y.-I. (1992). Cloning of the Drosophila Prospero gene
and its expression in ganglion mother cells. Biochem. Biophys.
Res. Commun. 182, 1326–1332.
Matsuzaki, F., Ohshiro, T., Ikeshima-Kataoka, H., and Izumi, H.
(1998). Miranda localizes Staufen and Prospero asymmetrically
in mitotic neuroblasts and epithelial cells in early Drosophila
embryogenesis. Development 125, 4089–4098.
Meinertzhagen, I. A., and Hanson, T. E. (1993). The development of
the optic lobe. In “The Development of Drosophila melano-
gaster” (M. Bate and A. Martinez-Arias, Eds.), pp. 1363–1392.
Cold Spring Harbor Laboratory Press, New York.
Oliver, G., Sosa-Pineda, B., Geisendorf, S., Spana, E. P., Doe, C. Q.,
and Gruss, P. (1993). Prox 1, a prospero-related homeobox gene
expressed during mouse development. Mech. Dev. 44, 3–16.
Prokop, A., and Technau, G. M. (1991). The origin of postembry-
onic neuroblasts in the ventral nerve cord of Drosophila mela-
nogaster. Development 111, 79–88.
Reddy, G. V., and Rodrigues, V. (1999a). Sibling cell fate in the
Drosophila adult external sense organ lineage is specified by
Prospero function, which is regulated by Numb and Notch.
Development 126, 2083–2092.
Reddy, G. V., and Rodrigues, V. (1999b). A glial cell arises from an
additional division within the mechanosensory lineage during
development of the microchaete on the Drosophila notum.
Development 126, 4617–4622.
Robinow, S., and White, K. (1991). Characterization and spatial
distribution of the ELAV protein during Drosophila melanogaster
development. J. Neurobiol. 22, 443–461.
Rhyu, M. S., Jan, L. Y., and Jan, Y. N. (1994). Asymmetric distribution
of Numb protein during division of the sensory organ precursor cell
confers distinct fates to daughter cells. Cell 76, 477–491.
s of reproduction in any form reserved.
138 Ceron, Gonza´lez, and TejedorSchaefer, M., Shevchenko, A., Shevchenko, A., and Knoblich, J. A.
(2000). A protein complex containing Inscuteable and the
Galpha-binding protein Pins orients asymmetric cell divisions in
Drosophila. Curr. Biol. 10, 353–362.
Schober, M., Schaefer, M., and Knoblich, J. A. (1999). Bazooka
recruits Inscuteable to orient asymmetric cell divisions in Dro-
sophila neuroblasts. Nature 402, 548–551.
Schuldt, A. J., Adams, J. H. J., Davidson, C. M., Micklem, D. R.,
Haseloff, J., St. Johnston, D., and Brand, A. H. (1998). Miranda
mediates asymmetric protein and RNA localization in the devel-
oping nervous system. Genes Dev. 12, 1847–1857.
Shen, C.-P., Jan, L. Y., and Jan, Y. N. (1997). Miranda is required for
the asymmetric localization of Prospero during mitosis in Dro-
sophila. Cell 90, 449–458.
Shen, C.-P., Knoblich, J. A., Chan, Y.-M., Jiang, M.-M., Jan, L. Y.,
and Jan, Y. N. (1998). Miranda as a multidomain adapter linking
apically localized Inscuteable and basally localized Staufen and
Prospero during asymmetric cell division in Drosophila. Genes
Dev. 12, 1837–1846.
Spana, E. P., and Doe, C. Q. (1995). The prospero transcrip-
tion factor is asymmetrically localized to the cell cortex dur-
ing neuroblast mitosis in Drosophila. Development 121, 3187–
3195.
Spana, E. P., and Doe, C. Q. (1996). Numb antagonizes Notch
signaling to specify sibling neuron cell fates. Neuron 17, 21–
26.
Spana, E. P., Kopczynski, C., Goodman, C. S., and Dole, C. Q.
(1995). Asymmetric localization of numb autonomously deter-
mines sibling neuron identity in the Drosophila CNS. Develop-
ment 121, 3489–3494.
Srinivasan, S., Peng, C.-Y., Nair, S., Skeath, J. B., Spana, E. P., and
Doe, C. Q. (1998). Biochemical analysis of Prospero protein
during asymmetric cell division: Cortical Prospero is highly
phosphorylated relative to nuclear Prospero. Dev. Biol. 204,
478–487.
Tejedor, F., Zhu, X. R., Kaltenbach, E., Ackermann, A., Baumann,
A., Canal, I., Heisenberg, M., Fischbach, K. F., and Pongs, O.
(1995). Minibrain: A new protein kinase family involved in
postembryonic neurogenesis in Drosophila. Neuron 14, 287–
301.
Tomarev, S. I., Sundin, O., Banerjee-Basu, S., Duncan, M. K., Yang,
J. M., and Piatigorsky, J. (1996). Chicken homeobox gene Prox1
related to Drosophila prospero is expressed in the developing lens
and retina. Dev. Dyn. 206, 354–367.
Copyright © 2001 by Academic Press. All rightTruman, J. W., and Bate, M. (1988). Spatial and temporal patterns of
neurogenesis in the central nervous system of Drosophila mela-
nogaster. Dev. Biol. 123, 145–157.
Truman, J. W., Taylor, B. J., and Awad, T. A. (1993). Formation of
the adult nervous system. In “The Development of Drosophila
melanogaster” (M. Bate and A. Martinez-Arias, Eds.), pp. 1245–
1276. Cold Spring Harbor Laboratory Press, New York.
Vaessin, H., Grell, E., Wolff, E., Bier, E., Jan, L. Y., and Jan, Y. N.
(1991). prospero is expressed in neuronal precursors and encodes
a nuclear protein that is involved in the control of axonal
outgrowth in Drosophila. Cell 67, 941–953.
Wakamatsu, Y., Maynard, T. M., Jones, S. U., and Weston, J. A.
(1999). Numb localizes in the basal cortex of mitotic avian
neuroepithelial cells and modulates neuronal differentiation by
binding to Notch-1. Neuron 23, 71–81.
White, K., and Kankel, D. R. (1978). Pattern of cell division and cell
movement in the formation on the imaginal nervous system in
Drosophila melanogaster. Dev. Biol. 65, 296–321.
Whitfield, W. G., Millar, S. E., Saumweber, H., Frasch, M., and
Glover, D. M. (1988). Cloning of a gene encoding an antigen
associated to centrosome in Drosophila. J. Cell Sci. 89, 467–480.
Wodarz, A., Ramrath, A., Kuchinke, U, and Knust, E. (1999).
Bazooka provides an apical cue for Inscuteable localization in
Drosophila neuroblasts. Nature 402, 544–547.
Yu, F., Morin, X., Cai, Y., Yang, X., and Chia, W. (2000). Analysis of
partner of inscuteable, a novel player of Drosophila asymmetric
divisions, reveals two distinct steps in inscuteable apical local-
ization. Cell 100, 399–409.
Zhong, J., Feder, J. N., Jiang, M., Jan L. Y., and Jan, Y. N. (1996).
Asymmetric localization of a mammalian Numb homolog dur-
ing mouse cortical neurogenesis. Neuron 17, 43–53.
Zhong, W., Jiang, M. M., Weinmaster, G., Jan, L. Y., and Jan, Y. N.
(1997). Differential expression of mammalian Numb, Numblike
and Notch1 suggests distinct roles during mouse cortical neuro-
genesis. Development 124, 1887–1897.
Zinovieva, R. D., Duncan, M. K., Johnson, T. R., Torres, R.,
Polymeropoulos, M. H., and Tomarev, S. I. (1996). Structure and
chromosomal localization of the human homeobox gene Prox 1.
Genomics 35, 517–522.
Received for publication August 17, 2000
Revised October 31, 2000
Accepted November 2, 2000
Published online January 19, 2001
s of reproduction in any form reserved.
